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ABSTRACT

Work under this contract has been focused on two tasks:

1. Advanced x-ray microscope and telescope design, and

2. Assembly and alignment support for Schwarzschild x-ray microscope.
Results obtained as part of Task 1 have been reported to NASA/MSFC Pl (R.B. Hoover)
and published in Optical Engineering and in the Proceedings of the SPIE. See
Appendices 1-3 for reprints of the manuscripts. Work associated with task 2 involved a
UAB research assistant (D. Gore) working with R.B. Hoover at NASA/MSFC on this
project and developing related technical skills. However, assembly and testing of the
Schwarzschild microscope is not complete and is continuing into FY 92, when

experimental results are expected.



R‘ESULTS

Some key results of this study are given in Appendix 3 reprint, which reported that
an aspherical Head microscope could obtain an object plane resolution of 50 A when
operating with 40 A radiation at NA=0.4. For a magnification of 40x and secondary
vertex radius of curvature of 5 cm, this Head microscope will enable recording diffraction
limited resolution on film with a grain size of 2,000 Ip/mm. For this microscope
configuration, one determines from Table | of Appendix 1 that the object-to-image
distance is about 1.5 m, which is manufacturable. With a smaller secondary radius of
curvature, the total system length can further be reduced.

The major conclusion of this design study is to determine if microscope substrate
fabrication technology is capable of making and testing a large NA Head microscope.
This technology development is necessary to achieve the 100 A resolution goal of the
Water Window X-Ray Microscope, summarized in Appendix 2. Furthermore, while work
is in progress on substrate fabrication of a Head microscope, it is recommended that an
independent effort be directed towards 40 A multilayer reflectivity perforrhance

enhancement.



APPENDIX 1

"Design and analysis of aspherical multilayer imaging x-ray microscope"

David L. Shealy and Richard B. Hoover

Optical Engineering, Vol. 30 No. 8, 1094-1099, (1991)



Design and analysis of aspherical multilayer imaging x-ray

microscope

David L. Shealy, MEMBER SPIE

Wu Jiang, MEMBER SPIE

University of Alabama at Birmingham
Department of Physics

Birmingham, Alabama 35294

Richard B. Hoover, MEMBER SPIE
NASA Marshall Space Flight Center
Space Science Laboratory
Huntsville, Alabama 35812

Abstract. Considerable effort ha
analysis, fabrication, and testing
for soft x-ray applications in microscopy a
spherical Schwarzschild microscope consists of two concentric spherical
mirrors configured
are zero. Because multilayers are us
x-ray applications, it is desirable to have a small number of reflecting
surfaces in the microscope.
and increase the field of view, genera
been considered in this study for a two-mirro
incoherent, sine wave modulation transfer function (MTF) calculations,
object plane resolution of a
function of the object height a

s been devoted recently to the design,
of spherical Schwarzschild microscopes
nd projection lithography. The

such that the third-order spherical aberration and coma
ed on the mirror substrates for soft

in order to reduce the microscope aberrations
tized mirror surface profiles have
r microscope. Based on
the
20 x microscope has been analyzed as a
nd numerical aperture (NA) of the primary

for several spherical Schwarzschild, conic, and aspherical reflecting two-
mirror microscope configurations. The ultimate resolution of an aspher-

ical, two-mirror
A radiation. Better resolution can be a

microscope appears to be about 200 A when using 100-
chieved when shorter wavelength

radiation is used.

Subject te
objective.

rms: x-ray/EUV optics; x-ray microscopes; multilayers, Schwarzschild

Optical Engineering 30(8), 1094-1099 {August 1891).

CONTENTS

Introduction

Aspherical reflecting microscope surfaces
. Results

. Conclusions

Acknowledgments

References

LA wN =

1. INTRODUCTION

Recent experiments by several groups"S have demonstrated that
the Schwarzschild configuration of a reflecting microscope (see
Fig. 1) will produce high resolution soft x-ray images. A min-
imum feature size less than 0.1 pm has been reponed,5 when
using 130-A radiation from a synchrotron for projection lithog-
raphy applications. Several design studies®~® have predicted that
a spherical Schwarzschild configuration would be able to pro-
duce images with this level of spatial resolution. Because the
spherical Schwarzschild microscope has only been corrected for
third-order spherical aberration and coma, these microscopes
achieve their best resolution when used with a small NA in the
range of 0.1 10 0. 14, as illustrated in Fig. 2 for an on-axis source
point. For larger NA, the aberrations of a spherical Schwarz-
schild microscope degrade image resolution significantly.

In this paper, the advantages of using an aspherical two-mirror
microscope will be explored. Some years ago, Head® present-
ed an analytical solution for the differential equations of the

Invited paper XR-107 received Jan. 29. 1991 revised manuscript received March
12, 1991; accepted for publication March 13. 1991.
€ 1991 Society of Photo-Optical Instrumentation Engincers.
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aspherical two-mirror microscope in the general configuration
shown in Fig. |, where both the Abbe Sine Condition and the
constant optical path length condition are rigorously satisfied for
all rays. Until recently, the technology was not available to
construct general aspherical surfaces with sufficient surface
smoothness to be uscful in multilayer x-ray optics applications.
During the development of the optics for the Multi-Spectral Solar
Telescope Array (MSSTA).'® it was established that the ad-
vanced flow polishing” method permits the fabrication of ul-
trasmooth and precisely figured conic mirror surfaces. Mirrors
with rms surface roughness ranging from 0.5 At02 A rmshave
been fabricated.

The advanced flow polishing methods utilized by Baker
Consullingll in the fabrication of these optics permitted the
production of ultrasmooth surfaces on the hyperboloidal primary
and secondary optical elements while allowing the mirror figure
to be closely monitored. Interferometric measurements were taken
during the fabrication process, and great care was taken to control
the midrange spatial frequency errors. These errors play a sig-
nificant role in determining the size and shape of the central core
of the image and may significantly affect the resultant resolution.

The role of the spatiat frequency errors on system resolution
has been discussed by Zmek et al.'? and Harvey et al.” In
another study, Spiller et al.'* have discussed the contributions
of the roughness and figure errors from different spatial fre-
quency ranges in the power $ ctral density of their 10-in.-diam
rocket mirror. Walker et al.'> have discussed the diverse factors
affecting the final resolution obtainable with the flight MSSTA
Ritchey-Chrétien telescopes and have concluded that for some
of the extreme ultraviolet (EUV) telescopes operating in spectral
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Fig. 1. Generalized two-mirror microscope configuration.

Schwarzschild Microscope 30x faces can be justificd for use in a normal incidence x-ray mi-
V% ) ’ croscope. In the next section, asummary of the Head microscope
’ T T ) equations” are presented, and efforts to fit these mirror surface
—_ profiles to conventional aspherical surface equations, which are
'é' used in optical design, are discussed.
5 180 ~
E ] 3. ASPHERICAL REFLECTING MICROSCOPE
En; - SURFACES
o 0907 ~ In order to improve the optical performance of a third-order
£ design, such as the spherical Schwarzschild microscope,7 one
- often seeks an optical system that rigorously satisfies for all rays
N _ ‘ both the Abbe Sine Condition:
ow.k r 250x10°
sin = msinu , (N
Fig. 2. Image plane resolution of a spherical reflecting microscope . .. ) 3
for MTF = 20, 40, and 60% as a function of primary mirror NA for and the constant optical path length condition of axial stigma-
100-A radiation. Note that the object plane resolution is equal to the tism:
image plane resolution divided by the magnification.
p+r+l=po+rg+lo 2)
lines with adequate solar flux (e.g.. 173 A, 304 A) sealial res- where m is the microscope magnification, and the variables (p.
olution of 0.1 arcsec may be achieved. Hoover et al. 617 have r. 1) are defined in Fig. 1. The constants (po. ro, lo) are the
interferometrically tested the assembled and aligned Ritchey- paraxial values of the corresponding variables and are iltustrated
Chrétien optical systems and found the system rms wavefront in Fig. 1. This type of microscope is called an aplanat, which
errors of the MSSTA telescopes to be less than A/100 when is free of all orders of spherical aberration and coma. In 1957,
tested with a Zygo interferometer operating at a wavelength of Head® presented an analytical solution in finite form for a two-
6328 A. mirror aplanat working between finite foci, i.e., a microscope
The resolution of the normal incidence multilayer imaging or projection system. The primary and secondary mirror surfaces
aspheric x-ray microscope is subject to the same 1ypes of factors are specified by the following equations:

considered by Walker et al.,|5 with the exception of course of

those contributions unique to an instrument on a rocket pointing ) . )

system (e.g., image blurring caused by pointer jitter and tracking Primary microscope mirror

errors), which are not relevant for a ground-based x-ray micro-

scope. However, blur caused by source motion could be a factor h (1 + k) + (1 — x) cosd + (10 I) ( Y )
1

for investigations in which living cells are being imaged. PO
The expericnce that we have gained in the fabrication, optical

alignment, interferometric, visible light, and x-ray investigations o 8

of the performance and characteristics of the MSSTA telescopes . [Y_:____“—_i"_)] {Y_—_("_'_:_.l_)]

have led us to conclude that the technology currently exists that 2m

is required for the production of normal incidence multilayer

optics of spherical configurations (Schwarzschild systems) and *

; 2x 2k K

2

4 ly  (x-1D "”"'“

of conic or aspheric configurations (Head systems). @2m + 2) 2 ’ 3)
Hence. we have decided to examine the optical performance
of the Head and several other conic and aspherical two-mifror where k = (po + roYlp.a = m x{an - ). B =m(m— x),

microscope configurations and to determine when aspherical sur- and y = cosf + ((m® — sin°0)}'".
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Sccondary microscope niirror

b G+ - !
_9=(______K_)+(_1___K_)cosu+<_9_l>
r

2K 2K rg K
a’ B’
JJs-a-amp g - M- D
M 2
2-a -p’
(x + 1)d _(x—l)
2M + 2) 2 ) (4)

where M = lm, o' = M x/(Mx — 1), B’ = MM — k),
and & = cosu + [(Af - sinzu)]“2 = My. Chase'® noted that
absolute value signs should have been added to the original Head
equations, Egs. (3) and (4). to permit a wider application of
these equations to the Wolter type I grazing incidence micro-
scope configuration. Chase'® also presents an interesting com-
parison between Head and Wolter type | (ellipsoid-hyperboloid)
microscope performance.

For paraxial rays, the vertex radii of curvature of the primary
and sccondary microscope mirrors reduce to

R, = 2mlopo ' (5)
m(po + lo) — 1o
pi
R, = toro (6)

ro + lo — mpo

For the same input parameters m. ro. lo. and po. Eqs. (5) and
(6) predict the spherical Schwarzschild mirror radii in agreement
with values given in Table 1 for magnifications ranging from
10 to S0 x.

It is straightforward to evaluate the mirror surface profiles of
a Head microscope for given input parameters (m, ro. lo. and
po) from Eqgs. (3) and (). Inordertouse a conventional optical
design program to analyze the performance of a Head micro-
scope, it is necessary 0 fit an equation to the numerical data
representing the primary and secondary mirror surfaces of the
Head microscope.

Initially, consider that the Head mirror surfaces can be rep-
resented by a conic term plus aspherical contributions in the
form

ch:
L+l - (k+ hamr)?

«(h) = + dh* + eh® + jhs .

N

where the curvature ¢ = /R, h is the height of a ray from the
optical axis, k is the conic constant. and (d. e, f) are the a-
spherical coefficients. (Higher order aspherical terms as well as
odd powers in h can be considered but were not in this study.)
The vertex radius of curvature R for the Head primary and
secondary surfaces are given by Egs. (5) and (6). The aspherical
cocfficients have been determined by minimizing the least squared
deviation between the surface data points (hi. zi) computed from
Eqgs. (3) and (4) and the fitted data points (h,. z(h,)) computed
from Eq. (7). The conic conslants cannot readily be evaluated
by a linear least-squarcs technique. By random variation of the
conic constant such that the least-squared error between the Head
surface data and the fit data is minimized. an initial set of surface

1096 7/ OPTICAL ENGINEERING / August 1991 / Vol. 30 No. 8

Table 1. Schwarzschild mitror parameters.

M(x) R{cm) Ra(cm) po—le &(em) telo f(cm)
{cm) (cm)
2 108 00 10 00 18 25 98 00 -91 42 581
3 58 27 10 00 18 05 48.27 -34.12 604
4 45 58 10 00 18 01 3558 -13 56 841
5 40 00 10 00 18 00 30 00 0.0 667
10 3179 10 00 18 02 2179 48.36 12
15 29 69 10 00 18 04 19.69 91 .04 T1.54
20 875 10.00 18 05 18.75 131.49 167
30 27 84 10 00 18.06 17 B4 21327 780
40 27 40 10 00 18 07 17.40 296 07 787
50 2115 10 00 18 07 17 15 376 42 192

parameters for the Head microscope is determined. Further op-
timization of the conic constants of the Head microscope has
been performed by minimizing an optical design merit function.

Several optical design merit functions can be used. First, one
can vary surface parameters to force all rays to have constant
optical path length (z¢ro spherical aberration) and/or to require
the Abbe Sine Condition to be satisfied (zero coma). Also, one
could optimize the rms blur circle, the FWHM of the point spread
function, some combination of third- and fifth-order aberration
coefficients. or some feature of the MTF. However, it is very
difficult to reduce field curvature in addition to spherical aber-
ration and coma for this configuration of a reflecting microscope.
The object plane resolution of a spherical versus aspherical 20 x
microscope has been analyzed as a function of primary NA and
object height for 100 A radiation. Also. the conic constants of
both microscope mirrors have been varied to find a system with
zero spherical aberration and coma, based on third- and fifth-
order aberration theory.

3. RESULTS

An carlier study® of the performance of a spherical Schwarz-
schild microscope reported that the image plane resolution for
an on-axis source was a linear function of the magnification with
the slope depending on the value of the MTF used to establish
a specified level of resolution. The present analysis has only
considered the performance of 20X microscopes. The 20x
spherical Schwarzschild microscope whose parameters are given
in Table 2 was used as a reference system for comparison with
an optimized Head microscope such that the third- plus fifth-
order spherical aberration is zero. As we shall see, these systems
have very good on-axis resolution. Figure 3 presents a compar-
ison between the performance of a 20 X spherical Schwarzschild
and aspherical microscope for different values of the MTF. Spe-
cifically. the object plane resolution is plotted as a function of
the NA of the primary for an on-axis source point. From these
results, it follows that for NA less than 0.18, the spherical
Schwarzschild and aspherical systems have similar on-axis per-
formance. However, for larger NA, the aspherical microscope
has significantly better object plane resolution. From the MTF
= 20% plot, it follows that for NA = 0.225, an ultimate res-
olution of 200 A can be produced by an aspherical two-mirror
microscope over a small field of view using 100-A radiation. A
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Table 2. Schwarzschild microscope system parameters.

Magnification 20x
Focal Length 6133 cm
Prnmary Mirror
Radius of Curvature 230 ¢cm
Outside Diameter 80 cm
Hole Diameter 22 cm
Secondary Mirror
Radsus of Curvature 80 ¢m
Outside Diameter 20 cm
Object Distance from Sccondary 1444 cm
Mirtor Spacing 150 ¢m
Image Distance from Primary 10519 ¢m
Overall Length 134 53 cm

better resolution will result when shorter wavelength radiation
is used; however, optimal matching of detector resolution to
these small image plane resolution elements may require larger
system magnification and lengths. Some aspherical microscope
surface parameters for different NA are given in Table 3.

Figure 4 compares the object plane resolution of the spherical
Schwarzschild and aspherical microscope as a function of object
height for NA = 0.20. Clearly, the aspherical system has better
performance for object heights less than 0.3 mm, which is due
to the specific merit function used for the optimization. Similar
trends hold for other values of the MTF. Figure 5 compares the
object plane resolution of the spherical Schwarzschild and
aspherical microscope as a function of object height for
NA = 0.27. In this case, the aspherical system has better object
plane resolution than the spherical Schwarzschild system for
heights less than 0.6 mm with similar results for other values
of the MTF.

Table 3. Aspherical microscope parameters {20 x).

R, = -2298 cm, d = —0.6828,1073 ¢ = 0.3413,10% [ = 01488107
Ry = -795 cm; d = —03509:10% e

0.5400,10%, f = —0.1114.108
Mirror Spacing (k) = 1500 cm
Object Distance from Secondary Vertex (po — L) = 1444 cm

Image Distance from Primary Vertex (ra - &)

NA 0.0 013 020 027
' —0.00064  —0.000599  —0.0005354 —0.000427
'Y 000523  —000523  ~0.00523  —0.00523
D, (cm) 3.00 1.76 12.0 16.4
4, (cm) 071 1.80 3.0 40
D; (cm) 06 1.6 2.4 36
(re—l) {cm) 10525 105 24 105.22 105.15

D, = Outside Diameter of Primary
d, = Hole Diameter of Primary
D; = Outside Diameter of Secondary

k,, k3 = Conic Constants of the Primary and Secondary

Reflecting Microscope (20x)
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Fig. 3. Comparison of object plane resolution between spherical and
aspherical microscope as a function of primary mirror NA.

000 0%0

For all of these systems (both spherical Schwarzschild and
aspherical microscope), the third-order ficld curvature is an im-
portant aberration that limits the field of view and appears not
to be affected by these optimizations. The magnitude of the field
curvature for a 0.5-mm., off-axis source point ranges from 0.1 pm
for NA = 0.13 1o 0.3 um for NA = 0.27. Also. the astig-
matism and distortion are both very small for these configura-
tions.

Additional optimization of the aspherical microscope was
conducted by varying both conic constants in scarch of a system
that simultaneously had both zero third- plus fifth-order coma
and spherical aberration. Figure 6 presents the results of this
optimization. However, the system identified by the intersection

OPTICAL ENGINEERING / August 1991 / Vol. 30 No. 8 / 1097
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Fig. 4. Comparison of the object plane resolution as a function of
object height for primary mirror NA = 0.2,
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Fig. 5. Comparison of the object plane resolution as a function of
object height for primary mirror NA = 0.27.
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Fig. 6. Conic constants of secondary versus primary mirrors of a-
spherical microscope systems with zero spherical aberration and
coma.
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of the two straight lines with zero coma and spherical aberration
does not have significantly improved optical performance when
compared to the systems described in Table 3. In order to in-
crease the field of view, it will be necessary to use another mirror
in the system or to consider gencralized mirror surfaces not
described by Eq. (7).

1098 7/ OPTICAL ENGINEERING / August 1991 / Vol. 30 No. 8

4. CONCLUSIONS

Based on these calculations, it has been shown that aspherical
microscopes offer higher resolution than spherical systems for
NA greater than 0. 18. With further optimization of the aspherical
microscopes described in Table 3, it has been shown that similar
performance can be achieved with a two-mirror conic micro-
scope, without considering the aspherical terms. The ultimate
resolution of the aspherical two-mirror microscope with
NA = 0.225 appears to be 200 A over a small field of view
with 100-A radiation where the magnification will need to be
adjusted to match detector resolution limits. For targer fields of
view, it will be necessary to use additional mirrors to achieve
resolution less than 0.1 pm.
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1. BACKGROUND

In the past, considerable effort has been made to develop a
microscope capable of operating within the “*water window."
This narrow x-ray spectrum regime lies between the K absorption
edges of oxygen (23.3 A) and of carbon (43.62 A) and is of

Invited paper XR-118 received Jan. 15, 1991; accepted for publication March
3, 1991. This paper is a revision of paper 1435-48 presented at the SPIE con-
ference Techniques and Applications in Chemical and Materials Analysis, Jan-
uvary 1991, Los Angeles, Calif. The paper presented there appears (unrefereed)

in SPIE Proceedings Vol. 14)5.

© 1991 Socicty of Photo-Optical Instrumentation Engincers.

. Measured performance of x-ray microscope optics

Abstract. We describe the development of the water window imaging
X-ray microscope based on normal-incidence multilayer x-ray mirrors. The
narrow bandpass response inherent in multilayer x-ray optics is accurately
tuned to wavelengths within the “water window.” Similar doubly-reflect-
ing multilayer optical systems have been fabricated for our astronomical
rocket-borne x-ray/EUV telescopes. Previous theoretical studies performed
during the MSFC X-Ray Microscope Development Program established
that high-resolution multilayer x-ray imaging microscopes are possible by
using either spherical (Schwarzschild configuration) optics or aspherical
configurations. These microscopes require ultrasmooth mirror substrates,
which have been fabricated using advanced flow polishing methods. Hem-
lite-grade sapphire microscope optic substrates have been accurately fig-
ured and polished to a smoothness 0f0.5-A rms, as measured by the Zygo
profilometer. We describe the current status of fabrication and testing of
the optical and mechanical subsystems for the water window imaging
x-ray microscope. This new instrument should yield images of carbon-
based microstructures within living cells of unprecedented spatial reso-
lution and contrast, without need for fixatives, dyes, and chemical addi-
tives.

Subject terms. x-ray EUV optics; water window imaging. multilayer x-ray optics;
normal-incidence mirrors; Schwarzschild optics.

Optical Engineering 30(8), 1086-1093 (August 1991).

great value in the study of biological structures. The most im-
portant biological structures are dominantly carbon, but x-ray
observations of these structures within living cells arc greatly
hindered due to the reduction in contrast that arises from x-ray
absorption by the water contained within the cells. However,
due to the nature of the interaction of x rays with matter, within
this narrow band, carbon is highly absorptive, whereas watcr is
relatively transparent. For this reason, this biologically important
regime between 23.3 and 43.62 A has been designated the water
window. We anticipate that a high-resolution x-ray microscope
operating exclusively within this regime should be capable of
delineating, with unprecedented contrast, carbon-based struc-
tures within the aqueous physiological environments of living
cells. Conventional x-ray microscopes, such as grazing-inci-
dence Kirkpatrick-Baez or Wolter microscopcs and Fresnel dif-
fraction zone-plate systems, represent broadband imaging tech-
nologies. They transmit and focus x rays over a much broader
bandpass than the specific wavelengths of the narrow water win-
dow. However, our successful solar observations' have shown
that normal-incidence multilayer x-ray optics are capable of op-
erating in a very precisely determined and accurately tunable
portion of the x-ray spectrum. Indeed. the technology developed
for astronomical observations of the sun is now being applied
to the production of a high-resolution multilayer imaging x-ray
microscope for operation within the water window. We briefly
review these earlier results.
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A Nike-boosted Black Brant sounding rocket was launched

from the White Sands Missile Ran

ge, New Mexico, on October

23, 1987. The Stanford MSFC/LLNL Rocket X-Ray Spectro-

heliograph on board produced the

first high-resolution, parrow-

wavelength-band x-ray/EUV images of the sun (Fig. D) obtained
with normal-incidence multilayer x-ray optics. Modern methods
of fabricating stable normal-incidence multilayer optics are due
to developments achieved only a decade ago by Barbee? and by

Spillcr.’

For the Stanford MSFC/LLNL Rocket X-Ray Spectro-

heliograph program, Barbee fabric

ated 44-A multilayer coatings

on concave primary mirrors and concave secondary mirrors of

a small Casscgrain x-ray lelescope

. Due to the precisc bandpass

matching required, two-clement multilayer optical systems, such
as used in these Cassegrains, are far more difficult to construct
than are single-element (Herschelian) telescope systems. These
doubly reflecting multilayer telescopes, which were operating in
the water window at 44 A, were tested at the MSFC X-Ray
Calibration Facility and used to produce high-resolution, soft
x-ray images of a laboratory source.? These laboratory and solar

soft x-ray/EUV images constitute

dramatic proof that normal-

incidence multilayer coatings on curved surfaces can produce su-
perb x-ray/EUV images. (We consider the wavelength regime
| 1o 100 A to be the soft-x-ray regime, and the 100 to 1000-A

range to constitute the extreme ult
ing our rocket flight, high-density

raviolet (EUV) regime.) Dur-
solar x-ray/EUV images were

recorded on high-resolution photographic emulsions. The lab-

oratory data with a doubly-reflecti
A and the solar images produced at

ng Cassegrain operating at 44
44 A (with Wolter-Cassegrain

optics), 173 A (with Cassegrain optics), and 256 A (with Her-
schelian and Cassegrain optics) have clearly demonstrated that
multilayer coatings can yicld excellent x-ray/EUV reflectivitics
and that the bandpasses of peak reflectivity of the two mirrors

Fig. 1. High-resolution 173-Aimage of the sun produced with a doubly-

reflecting Cassegrain multilayer x-ra
Incidence.

y telescope operating at normal

ORIGINAL PAGE IS
OF POOR QUALITY

of a doubly-reflecting Cassegrain multilayer telescope or micro-
scope system can be preciscly matched.

Excellent reflectivity and precise bandpass matching have also
been achicved for the primary and secondary optical elements
of a new set of solar telescopes. This payload, known as the
Multi-Spectral Solar Telescope Array (MSSTA),s is larger than
its predecessor and was Jaunched on a Terricr-boosted Black
Brant sounding rocket on May 13, 1991. The 127-mm-aperture
MSSTA telescopes, each with four times the collecting area of
the Cassegrain telescope previously flown, employ Ritchey-
Chrétien optical systems (Fig. 2). In these telescopes, the pri-
mary and secondary mirrors are hyperboloidal. These telescopes
are *‘aplanatic,” which means that the optical aberration known
as coma is zero (to third order at least) and spherical abcrration
is absent. This design permits the telescopes to produce high
spatial resolution images over a wide field of view. Theoretical
calculations and laboratory studies of these instruments indicate
that they should produce full-disk solar x-ray/EUV images with
spatial resolution as high as 0.1 arc sec.

The mirror substrates for the MSSTA telescopes were fab-
ricated by Baker, using advanced flow polishing technology.
Tests on the polished Zerodur mirror substrates revealed surfaces
with 2-A rms surface smoothness.” The mirror substrates were
coated at LLNL using state-of-the-art multilayer coatings. Mea-
surements at the NIST SURF Il synchrotron and at the Stanford
Synchrotron Radiation Laboratory have demonstrated that the
multilayer coatings a%proach the performance expected for ideal
multilayer structures.” The telescope mechanical structures were
designed at Stanford, and fabricated, assembled, aligned, and
tested interferometrically at MSFC. The success of the Stanford/
MSFC/LLNL rocket x-ray spectroheliograph prompted us to in-
itiate a program at MSFC to develop normal-incidence magni-
fying Schwarzschild x-ray microscope systems. The initial effort
concentrated on the design, analysis, and development of normal-
incidence multilayer x-ray microscope systems that could be
used to couple x-ray telescopes to solid state detectors to increase
the plate scale and enhance the system spatial resolution.
Schwarzschild microscope systems were designed and analyzed,
and the microscope Mifror substrates were produced on Zerodur

Fig. 2. Completed MSSTA Ritchey-Chrétien multitayer telescopes
under interferometric test at MSFC. Telescope uses graphite epoxy
tubes and mirror-mount technology similar to that planned for the
water window imaging x-ray microscope.
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blanks and advanced-flow-polished to a smoothness of 2 A rms.
Subscquently, contoured surfaces were fabricated for the mi-
croscopes with unprecedented rms smoothness from 0.5 to 0.6
A on Hemlite-grade sapphire blanks by advanced flow polishing.

These profoundly important technological advancements in
the ability to fabricate high-reflectivity. matched-bandpass, normal-
incidence optics operating at 44 A and the ability to produce the
ultrasmooth substrates required by these coatings led us to con-
clude that a water window imaging x-ray microscope based on
normal-incidence multifayer x-ray optical components is feast-
ble. Such an instrument should yicld entirely new optical meth-
ods for ultrasensitive detection of microstructure within living
cells and affords great promise as a fundamental tool for basic
cell biology and cancer research.

2. MULTILAYER X-RAY OPTICAL SYSTEMS

Multilayer x-ray mirrors arc essentially synthetic Bragg crystals
that can be deposited on flat mirrors or gralings or contoured o
a figured surface. (For an overview of multilayer x-ray mirrors,
sec Barbee,’ or refer to the numcrous recent papers in volumes
1160 and 1343 of the SPIE Procccdings.‘o'”) Multilayer optics
are fabricated by the accurate deposition on an ultrasmooth sub-
strate of a coating consisting of a stack of many alternating layers
of high-atomic-number (high-Z) diffractor material scparated by
layers of a low-Z spacer material. The layers must be uniform
and of precisely repeatable thicknesses d) and da, respectively.
Since this multilayer coating constitutes a synthetic Bragg crys-
tal, x-ray reflection occurs by the process of Bragg diffraction.
When slight refraction effects are ignored. the wavelength at
which the peak of the reflectivity occurs is given by the Bragg
relation nk = 2D sinf, where D = d, + d2and 0 is the angle
at which the radiation strikes the mirror. as measured from the
mirror surface. For mirrors operating at normal incidence (0 =
90 deg). the equation becomes A = 2D, where A is the wave-
length of peak reflectivity of the first-order Bragg diffracted
light. Because D is the sum of the two layer thicknesses, a
multilayer coating, designed to reflect 44-A x rays, could be
produced as a stack of alternating layers of a high-Z material
(such as tungsten carbide) scparated by layers of a low-Z spacer
material (such as carbon), with each layer approximately 11 A
thick. Considering the dimensions involved, these layers are only
a few atoms thick. Furthermore. the diffracting layers must be
coplanar and uniform. The performance of a multilayer as an
x-ray diffractor also critically depends on the nature of the in-
terfaces between the low-Z and high-Z layers. Because the layers
follow the contour of the substrate on which they are deposited,
the smoothness and uniformity of multilayer optics substrates
have stringent requirements. Especially this is important for lay-
ers with thicknesses inthe 6-to | 1-A regime, which are required
for systems designed 1o operate at normal incidence in the water
window. For the multilayer coating 0 be an effective reflector,
many diffractor and spacer layers must be in the stack and the
thickness of each layer must be controlled to a very high degree
of accuracy. Indecd, by choice of the D spacing and the materials
constituting the multilayer coating, we can tailor the coating to
reflect x-ray or EUV radiation within a selecled very narrow
bandpass. '’

Although only a small fraction of the incident radiation is
reflected at cach low-Z/igh-Z interface. by use of a stack of
tens to hundreds of altemating layers in the coating, high re-
flectivities at normal incidence can be achieved by constructive
interference if the layer pairs are Jdeposited with sufficient uni-
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formity. Recently, tests were performed at the Stanford Syn-
chrotron Radiation Laboratory (SSRL) and the National Institute
of Standards and Technology (NIST) SUREF Il synchrotron on

‘the MSSTA telescopes.” These studies revealed that reflectivities

approaching 45% at normal incidence were produced by the
mirrors operating at 173 A and 193 A. For the MSSTA Ritchey-
Chrétien and Herschelian telescopes in our solar rocket program,
optics were fabricated with coatings on both convex and concave
superpolished substrates whose reflectivities were peaked for soft
x-ray and EUV radiation in the range 44 A<a<33sA

Since multilayer x-ray mirrors reflect x rays by Bragg dif-
fraction, only a very narrow bandpass, wherein the Bragg con-
dition is satisfied, is efficiently reflected. In the water window,
multilayer mirrors can achicve spectral resolution (A/AN) cx-
ceeding 50. This characteristic is of the utmost importance for
the development of a water window imaging X-ray microscope.
X rays of longer or shorter wavelength would seriously degrade
the contrast of carbon structures within the cell, which is a major
reason why grazing-incidence x-ray optics and Fresnel zone plates
are not ideally suited for the fabrication of a water window x-ray
imaging microscope. Zone-plate and grazing-incidence optics
focus x rays over a much broader bandpass than the water win-
dow. which is required for high-contrast images. Furthermore,
with zone plates, the radiation at different wavelengths witl come
to focus at slightly different points along the optical axis, further
degrading the spatial resolution. Grazing-incidence optics are
also highly sensitive to contaminants and x-ray scattering, and
suffer far more severely from optical aberrations off-axis (of-
fense against the Abbé sine condition, etc.) than do the normal-
incidence multilayer x-ray optics. Because multilayer optics re-
flect in only a very narrow bandpass of the incident radiation,
precise matching of the wavelength at which peak reflectivity
occurs from the primary and secondary mirrors is required. If
these bandpasses are not accurately matched, the net throughput
of the instrument will be drastically reduced.

3. X-RAY IMAGING IN THE WATER WINDOW

The x-ray water window is biologically significant because water
is prevalant in all living cells. The oxygen of the water plays
the dominant role for the absorption of soft x rays. However,
structures of the greatest scientific interest (such as organelles,
cytoskeletal components, membranes, secretory vesicles, en-
doplasmic reticulum, chromatin, nucleoli, and nucleosomes) in
general comprise complex molecules (DNA, RNA, proteins,
etc.) incorporating large amounts of carbon. The nature of the
interaction of x rays with matter makes it possible to observe
these carbon structures with minimal interference from the sur-
rounding water. A sharp discontinuity or ‘‘edge’’ in the ab-
sorption spectrum of a material occurs when the energy of the
photon is sufficient to ionize electrons from one of the shells or
subshells of the atoms of the material. These edges are designated
by the shell or subshell from which the electrons are ejected,
i.e., K for the innermost shell, Ly, Ly, and Ly for the sublevels
of the next shell, etc. The strongest absorption edges are the
K-edges. For wavelengths immediately below the K-edge. the
absorplivity increases dramatically. Because x rays whose wave-
length are longward of the K absorption edge do not have suf-
ficient energy to eject a K-shell electron, they are not strongly
absorbed by the material, which appears relatively transparent
at these wavelengths.

For the purposes of x-ray microscopy, it is significant that
the K absorption edge for the element oxygen lies at 23.3 A.
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and for carbon the K-cdge is at 43.62 A. This results in a narow
bandpass in the soft x-ray spectrum between 23.3 A (oxygen K
absorption edge) and 43.62 Kc(carbon K absorption edge), called
the water window. In this wavelength regime, water is relatively
transparent and carbon is highly absorptive. The opacity of pro-
tein and water at these wavelengths has been calculated by Lon-
don et al.'* and is shown in Fig. 3. Thesc results show the
dramatic difference in the absorptivity of protein and water within
the water window. The water window imaging x-ray microscope
should make it possible to investigate carbon structures (and
possibly even the motions of those structures) within the agucous
environment of living cells.

We have. thercfore, initiated a program to fabricate an im-
aging X-ray microscope, utilizing ultrasmooth, advanced-flow-
polished, and figured sapphire mirror substrates coated with mul-
tilayers, with 2D spacing such that 23.3 A < 2D < 43.62 A,
which is appropriate to reflect x rays of a narrow bandpass within
the water window. At these wavelengths, ullrahigh-resolution
photographic films (i.e.. XUV 100 and XUV 649) and pho-
toresists can be used as the x-ray detector. The Kodak 649
emulsion affords spatial resolution of 2000 lines/mm when pro-
cessed for optimum resolution and has a very great dynamic
range, and will serve as a primary detector for the instrument.
However, resists are also utilized for some studies, because they
can afford even higher spatial resolution than is achicvable by
the best photographic films.

The water window imaging x-ray microscope should be ca-
pable of producing high-resolution, high-contrast images of
chromosomes, proteins, and other carbon structures within fiving
or freshly killed cells. 1t should permit smaller structures to be
resolved than is currently possible with visible light or fluores-
cence microscopy. By obtaining sequential images using high
repetition rate, laser-plasma x-ray sources, it may be possible
to investigate motions of genetic material, proteins, and other
structures within living cells.

Water Window .
e—Folding Penetration

10———r—1——v—‘r—ruv-|;11uurv|';rj

5 Water © p

Protein A
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20 30 40 50 60
A A

Fig. 3. E-folding penetration of x rays in the water window. (Re-
drawn after London et al.'?)

4. OPTICAL CONFIGURATION OF THE X-RAY
MICROSCOPE

The optical ray {race codes and design mcthods that we utilized
for the development of aplanatic normal-incidence multilayer
x-ray telescopes have now been applied to the development of
aplanatic imaging x-ray microscopes. In the initial investiga-
tions, we explored multilayer optical systems in the Schwarz-
schild configuration to produce imaging systems. Other workers
have explored normal-incidence multilayer x-ray optics for use
in scanning X-ray microscopes. Spiller 4 used elliptical multi-
layer mirrors for a scanning x-ray microscope. Trail and Byer'*
also fabricated a scanning microscaope, and Lovas et al.'® em-
ployed a Schwarzschild system for imaging applications in laser
fusion research.

These efforts to utilize normal-incidence multilayer x-ray op-
tics for the production of a high-resolution imaging x-ray mi-
croscope are relatively recent, and a considerable amount of
work has occuired in the past in the usc of Fresnel zone plates
for x-ray microscopy. This approach was pionecred by Bacz'’
in 1960. The technology of producing x-ray imaging Fresnel
zone plates of extremely fine structure and high quality has
advanced dramatically in the past few years by the use of holo-
graphic and electron-beam lithographic techniques, as described
by Anderson.'® Bionta et al.'? have fabricated lransmissive zone
plates by sputtering a multilayer coating on 100-pm-diam wires,
which are subsequently cut into thin slices. An excellent review
of x-ray microscopes using’zonc-plalc technology is given by
Howells, Kirz. and Sayrc.“0 Since Fresnel zone plates focus
radiation by Fresnel diffraction, they do not afford the narrow-
bandpass characteristics that are obtained with multilayer optics,
which behave as synthetic Bragg crystals and reflect light by
Bragg diffraction. The zone plate focuses radiation of different
wavelengths to different positions along the optical axis, which
can result in loss of resolution and contrast with polychromatic
sources. This characteristic is particularly disadvantageous for
the water window imaging X-ray microscope, wherein it is de-
sired that only a narrow band of wavelengths within the water
window be imaged to employ the selective absorption charac-
teristics of carbon versus oxygen for contrast enhancement.
Normal-incidence multilayer optics of the Schwarzschild con-
figuration have the inherently narrow bandpass that is well suited
for a high-resolution imaging x-ray microscope designed to op-
erate in the water window.

Our prior studies of Schwarzschild multilayer microscopes
were constrained to the development of systems for which high-
smoothness spherical laser mirrors were available as off-the-
shell components. Suitable spherical substrates had been pur-
chased from General Optics of Moorepark, CA, and were used
for the telescopes flown on October 23, 1987. However, during
the development of the MSSTA. Baker Consulting produced
hyperboloidal optical substrates of Zerodur with ultrahigh
smoothness (2 A rms). Their fabrication methods can also yield
spherical or aspherical substrates that are ideal for x-ray micro-
scopes. High-resolution aplanatic imaging x-ray microscopes
configured from low-x-ray scatter, normal-incidence multilayer
optics should find important applications in many areas, includ-
ing laser fusion research, x-ray lithography, materials science,
astronomy, genetic engineering, virology. and bacteriology. as
well as fundamental cell biology and cancer research.

We designed and analyzed several Schwarzschild x-ray mi-
croscope configurations. Diffraction analysis indicates that better
than 200-A spatial resolution in the object plane for up to a

OPTICAL ENGINEERING / August 1991 / Vol. 30 No. 8/ 1089



HOOVER, SHEALY, BRINKLEY, BAKER, BARBEE. WALKER

1-mm ficld of view can be achieved with 125-A radiation. Since
the diffraction limit scales with the wavclength, when the mi-
croscope is used with 37-A radiation (within the water window)
spatial resolution below 100 A may be realized. We are currently
fabricating 20x and 30X nonmal-incidence multilayer x-ray
microscopes of 1.35 m overall length. An aplanatic x-ray mi-
croscope using two spherical mirrors can be constructed by im-
posing the Schwarzschild condition on the sclection of the mirror
radii. The Schwarzschild condition can best be understood by
referring to Fig. 4.

The mirror surfaces S; and S; are concentric spherical surfaces
of radii Ry and R;, respectively. A complete discussion of the
ray trace analysis of a Schwarzschild microscope configured for
normal-incidence multilayer afplications was presented by Hoo-
ver et al.2! and Shealy et al.? The Schwarzschild condition for
an aplanatic, two-mirror imaging system can be expressed:

142
Ry Ry R;
—= =15-==[125 - = , 1
R, Z { Zo] M

where the + sign is used in Eq. (1) for magnifications greater
than S and the — sign is used for magnifications less than §.
Hoover et al.2! have summarized the Schwarzschild design equa-
tions and presented the dependence of the rms blur circle radius
as a function of the object height, image plane location, mirror
tilts. and decentration for a 10X microscope with a total length
of 1.41 m. As the magnification increases, so does the overall
length of the microscope. The parameters for systems varying
in magnifications from 2X to 50X have been computed and
are given in Table 1.

We have calculated the spatial resolution, transmission losses
due to vignetting, and off-axis performance for the 20x and
30 x Schwarzschild x-ray microscopes, which we are currently
fabricating. These calculations imply that to take advantage of
their inherently high spatial resolution, we need photographic
emulsions capable of achieving 0.78-pm spatial resolution. This
implies the need for films capable of resolving better than 1300
lines/mm over a 20-mm-diam regime. We have established that
the Kodak 649 emulsion has the required spatial resolution and
is sensitive over the soft x-ray’EUV portions of the spectrum.

TABLE 1. Schwarzschild x-ray microscope system parameters.

M{x) Ri(em)  Ry(em) s (cm) d (em) Z (em) f (cm)
2 105 00 10.00 18.28 9800  -91.42 5.51
3 58.27 10 00 18 08 @2 -un 6.04
4 4558 10.00 18.01 3558  -13% 6.41
) 40.00 10.00 18 00 30.00 00 6.67
10 3n.79 10.00 18.02 21.79 4836 1.29
15 29.69 10.00 18.04 19 69 91.04 7.54
20 28.15 10.00 18.05 18.15 131.49 1.67
30 21.84 10.00 18 06 17.84 M 7.80
10 2740 10.00 18 07 1740 296 07 7.87
50 27.15 10.00 18.07 17.18 316.42 1.92

Even higher spatial resolution may be achieved through as-
pherical optics. We have carried out a theoretical design and
analysis of aspheric x-ray microscope configurations, which yield
far better resolution over a wider field of view than is possible
with the Schwarzschild conﬁgura!ion.z“ Results of the analysis
of the aspherical 20 X microscope also reveal that superior off-
axis performance due to reductions in coma can be achieved.

5. FABRICATION OF THE X-RAY MICROSCOPE

The 20 x and 30 X Schwarzschild x-ray microscopes now being
fabricated utilize much of the technology implemented in the
MSSTA program. The microscope systems will initially be uti-
lized in conjunction with synchrotrons and laser fusion sources,
so great care and attention was paid to the selection of materials
that are compatible with the ultrahigh vacuum requirements of
beam lines. In addition, a conical mechanical structure was se-
lected, to conform to the beam clearance requirements of the
OMEGA laser fusion facility of the Laboratory for Laser En-
ergetics of the University of Rochester.
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Fig. 4. Schwarzschild configuration for an aplanatic normal incldence x-ray microscope.
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5.1, Optical components

The x-ray microscope mirror substrates were fabricated by Baker
Consulting, using Zerodur and Hemlite-grade sapphire mate-
rials. It is very important that the mirror substrate material have
the ability to be polished to an ultrasmooth finish but have low
thermal expansion coefficient. Although sapphire has somewhat
higher thermal expansion properties than Zerodur, it can be
polished to phenomenal smoothness. In addition, the subsurface
condition of the mirror substrate must be considered as a possible
factor in the performance, due to possible stress relaxation during
coating or from cxternally applied force, either thermal or me-
chanical. During fabrication of sapphire surfaces, it has been
demonstrated that the use of the advanced flow polishing tech-
nique has produced a zero subsurface damage condition as mea-
sured with Rutherford backscatter techniques by General lonex
Corp.

The primary mirrors were fabricated as concave spheres of
8 cm outside diameter. They have a radius of curvature of 23
cm and a central hole diameter of 2.2 cm. The convex spherical
secondaries have 2-cm diameter with an 8-cm radius of curva-
ture. The sapphire optical surfaces were polished to 0.5- 10 0.6-

rms surface smoothness, and had surface figure accuracy better
than V10 when tested with visible light. The mirror substrate
smoothness was measured with a Zygo profilometer, and the
completed optical systems were tested by interferometric tech-
niques at visible wavelengths to ensure that the precise optical
figure of the clements was obtained. Final performance testing
of the completed x-ray microscope assembly will be carried out
by producing images of microscopic structures with the instru-
ment at x-ray wavelengths. These tests require the use of ultra-
high resolution photographic emulsions and high-intensity x-ray
sources. Initial studies will be carried out using the laser fusion
plasma produced by the OMEGA facility of the University of
Rochester and with x-ray/EUV emission generated by the NIST
SURF Il or the SSRL synchrotron facilities. All microscope
structures have been designed and are currently being fabricated.
The mount structures have a conical configuration so as to
be compatible with the beam constraints of the OMEGA facil-
ity. The x-ray microscope currently being fabricated is shown in
Fig. S.

5.2. Mechanical components

The microscope tube structures were fabricated by filament winding
methods that used AS4-12K graphite fiber with an HBRFS5A
epoxy resin matrix. Longitudinal fibers were applied to increase
stiffness and to produce microscope tube structures with near-
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zero coefficient of thermal expansion. This technique is the same
as that uscd to fabricate the tube structures for the 127-mm-diam
telescopes for MSSTA. The primary and sccondary mount cells

" were fabricated utilizing the same approach that we have em-

ployed for the MSSTA telescope optics. The mirrors will be
mounted in their respective cells by means of a low-outgassing
silicone rubber. The mount tube structures are constructed of
nonmagnetic stainless steel.

5.3, Filters, cameras, and film

Filters will be used to ensure that only x-ray emissions trans-
mitted by the specimen and imaged by the microscope reach the
image plane. Filtering will be accomplished by thin foil metal
filters as specimen holders and as prefilters placed in front of
the camera film plane. This double-filter approach results in a
reduction of the light levels reaching the film, but with the high-
intensity sources we plan to utilize for the tests no problems
should occur. Thin-film filters of 1500-A aluminum on a nickel
support mesh and of phthalocyanine/carbon have been fabricated
by the Luxel Corp. of Friday Harbor, Washington. These filters
will be used as specimen supports and visible-light rejection
filters. The microscope camera adapters accommodate either the
35.mm Canon T-70's, which were flown on the rocket x-ray
spectroheliograph, or the 70-mm Pentax 645 MSSTA cameras.
Primary data recording will be on photographic film, utilizing
experimental XUV-100, 101-07, and XUV 649 emulsions. We
have studied these photographic emulsions at sclected wave-
lengths in the soft x-ray/EUV/FUV, ranging from 44 to 1550
A. X-ray exposures have been obtained to evaluate resolution
and response characteristics in tests carried out at the MSFC
X-Ray Telescope Test Facility, the Los Alamos National Lab-
oratory, the Stanford Synchrotron Radiation Laboratory and the
SURF Il synchrotron of the National Institute of Standards and
Technology.n‘:5 Other groups have concentrated on the use of
photoresists, which have higher spatial resolution than photo-
graphic emulsions. We also plan to utilize photoresists for the
highest resolution investigations. However, our initial work will
be carried out using high-resolution photographic emulsions,
which are typically from 100 to 1000 times more sensitive than
photoresists. Consequently, images will be obtainable with sig-
nificantly shorter exposure times.

6. MEASURED PERFORMANCE OF X-RAY
MICROSCOPE OPTICS

The completed x-ray microscope optical systems have been tested
interferometrically and found to have rms wavefront errors less
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Fig. 5. Structural configuration of the water window Imaging x-ray microscope.
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than A/100. Figure 6 shows the measured geometric radial energy
distribution of the 20 X Zerodur Schwarzschild mirror system.
It can be scen that 90% of the encrgy is contained within 0.12
Airy disk radii. The point sprcad function of this system, as
determined by interferometric analysis of the optics, is shown
in Fig. 7. ,

The first Schwarzschild microscope prototype x-ray optics
are being coated with multilayers for operation at 130 to 135 A.
Normal-incidence reflectivities better than 55% have been ex-
perimentally achicved from multilayers on concave surfaces in
this wavelength range. Based upon the theoretical analysis and
measurements of the optical characteristics of the completed
mirrors that we have performed, we anticipate that a spatial
resolution of 300 to 400 A in the object plane should be ob-
tainable with a Schwarzschild microscope operating at an initial
test wavelength of 130 to 135 A. In the water window with
mirrors of the same design coated to reflect radiation of 36 to
40 A wavelength, significantly better spatial resolution should
be realized. After final assembly and optical alignment of the
multilayer microscope at MSFC, x-ray tests and utilization of
the instrument for imaging applications will begin at SSRL,
SURF I, and the OMEGA facility. The imaging and assessment

4th Schwarzschild X-May Micmoscope (3/21/90)
GEOTTRIC RADIAL ENERGY DISTRIBUTION; 987 of Energy Contained Within R = .19
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Fig. 6. Multipass interferometer measurements of the geometric ra-

dial energy distribution for the 20 x Schwarzschild sapphire x-ray
microscope optics.
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Fig. 7. Muttipass interferometric determination of the point spread
function for the 20 x Schwarzschild sapphire microscope optical sys-
tem.
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phasc at synchrotrons and the lascr fusion facility could be ac-
complished within a year.

The requirements for the performance of the optical systems
have become more exacting, driven by the high quality of the
muttilayer coatings and the demands of the imaging requircments
at the shorter wavelengths. This has led to our use of special
optical testing techniques for the measurement of the surfaces
and the contours of the microscope and telescope optics. The
standard interferometric analysis at the longer wavelengths (ie.,
6328-A helium-ncon linc) has limitations, especially when the
wavelength of use is considerably shorter, such as in watcr
window microscope systems. The use of higher-sensitivity in-
terferometric testing technigues, or the construction of an x-ray
interferometer utilizing multilayer optics, is becoming essential
due to the direct effect that system wavefront errors have on
imaging quality. Existing techniques, such as multipass inter-
ferometry and holographic interferometry, have been used to
increase the sensitivity of wavefront error detection.

These technigues must be improved as the wavelength short-
ens, especially in the area of aspherical system testing. Current
designs that have been used involve spheres. but we are con-
sidering systems employing aspherical mirrors with both mod-
erate and scvere aspherical departures, with unusual contours
that are not easily tested. Multipass interferometry was used
with great success on the MSSTA Ritchey-Chrétien telescope
systems in ensuring the accuracy of the systems. Employing
these tests during the manufacturing of the individual compo-
nents as well as the final system is extremely important. The
use of multipass interferometry was made easier due to the highly
reflective surface of the multilayers even at the longer test wave-
length. The analysis was thus more exact, and the assessment
of the performance at the shorter wavelengths has become more
reliable.

7. APPLICATIONS TO TUMOR RESEARCH

Our current knowledge of tumor cell biology, detection, and
diagnosis has becn made possible by steady improvements in
microscopic methods for examining cells and tissues. Knowl-
edge of cell ultrastructure made possible by high-resolution
transmission electron microscopy has revolutionized our concept
of the organization of eukaryotic cells and the identification of
organelles in the nucleus and cytoplasm. Recently, improve-
ments in visible-light instrumentation have led to the develop-
ment of enhanced methods for the study of tumor cell growth
and malignancy and premalignant changes. For example, fluo-
rescence microscopy, phase microscopy, differential interfer-
ence contrast, and polarizing microscopy have provided new
approaches for rescarch into premalignant changes and improve-
ments in diagnosis. Moreover, the availability of low-light-level
video cameras and computer enhancements of digitized images
have led to improved resolution of the structures in motile cells.
All current optical techniques are limited due to relatively low
resolution and low contrast of biological materials and the need,
in most cases, for harsh fixatives, dyes, and chemical additives.

The water window imaging x-ray microscope has several
potential features that could revolutionize tumor cell biology and
cancer diagnosis. Its unique potential for detecting structures
with spatial resolution in the object plane of 100 i or better,
along with its capacity to image living cells in aqueous, phys-
iological environments, is an advantage that is not available in
any conventional microscopes. Although initial trials would be
limited to cell monolayers in tissue culture, imaging could be
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extended to living tumor cells as well as analysis of frozen
sections. Working with tumor cell biology specialists, we will
mount cell samples for study. Images will be obtained at x-ray
wavelengths in the water window portion of the spectrum using
high-intensity synchrotron radiation sources. Computer analysis
of the images will be carried out. These detailed laboratory/
clinical tests and evaluation studies will providce the necessary
data 1o establish the applicability of the water window imaging
x-ray microscope to tumor research.

8. CONCLUSIONS

We have demonstrated theorctically that the Schwarzschild con-
figuration affords a feasible approach for an imaging x-ray mi-
croscope. The development of advanced fiow polishing methods
permits the ultrasmooth substrates that are demanded by the
state-of-the-art multilayer coatings that must be produced to yield
an x-ray microscope capable of operating within the biolo ically
important water window regime between 23.3 and 437 A We
have successfully fabricated the necessary mirror substrates and
mechanical structures and anticipate that the initial tests of the
prototype microscope will be completed later this year.

The successful completion of this project could result in the
production of an entirely new optical imaging method for ultra-
sensitive detection that should permit the study of living tumor
cells with unprecedented spatial resolution. It may allow the
structures within the cells to be studied without the introduction
of fluorescent dyes or chemical additives, which can alter the
cellular processes under study. If the full optical potential is
realized, the water window imaging x-ray microscope could
become a standard diagnostic instrument in hospitals and medical
centers throughout the world. It is envisioned that commercial
instruments could be integrated with compact, intcrnally con-
tained, high-intensity laser-plasma x-ray sources. Its potential
as an essential microscope for fundamental cell research would
ensure its commercial application in research centers and uni-
versities.
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ABSTRACT

Considerable efforts have been devoted recently to the design, analysis, fabrication, and
testing of spherical Schwarzschild microscopes for soft x—ray applications in microscopy and
projection lithography. The spherical Schwarzschild microscope consists of two concentric spherical
mirrors configured such that the third order spherical aberration and coma are zero. Since
multilayers are used on the mirror substrates for x—ray applications, it is desirable to have only two
reflecting surfaces in a microscope. In order to reduce microscope aberrations and increase the field
of view, generalized mirror surface profiles have been considered in this study. Based on incoherent
and sine wave modulation transfer function (MTF) calculations, the object plane resolution of a
microscope has been analyzed as a function of the object height and numerical aperture (NA) of the
primary for several spherical Schwarzschild, conic, and aspherical Head reflecting two—mirror
microscope configurations. The Head microscope with a NA of 0.4 achieves diffraction limited
performance for objects with a diameter of 40 microns. Thus, it seems possible to record images
with a feature size less than 100 A with a 40x microscope when using 40 A radiation.

1. INTRODUCTION

Recent experimentsi-3 in projection lithography have demonstrated that the Schwarzschild
configuration of a reflecting microscope (see Fig. lfwill produce high resolution soft x—ray images.
These experiments have used spherical mirror substrates coated with lgppropriate multilayers such
that 500 i features have been recorded on photoresist? using 130 A radiation. Several design
studies4-¢ have predicted that a spherical Schwarzschild configuration would be able to produce
images with this level of spatial resolution. Since the spherical Schwarzschild microscope has only
been corrected for third order spherical aberration and coma, these microscopes achieve their best
resolution? when used with a small numerical aperture (NA) in the range of 0.1 to 0.14. For larger
NA, the aberrations of the spherical Schwarzschild microscope degrade image resolution
significantly.

In Ref. 7, the authors considered the advantages of using an aspherical two-—mirror
microscope. It was shown that diffraction limited resolution could be achieved for a NA of 0.22
when conic mirrors are used in a soft x—ray microscope. It was also noted in Ref. 7 that A. K.
Head® presented an analytical solution for the differential equations of an aspherical two—mirror
microscope in a general configuration where both the Abbe Sine Condition and the Constant
Optical Path Length Condition are rigorously satisfied for all rays. Efforts were made to analyze
the optical performance of a Head microscope by fitting the Head mirror surface profiles with a



conventional optics surface equation in the form

o(h) = c h? + dh¢ + che + fh8 (1)
1 + [1 — (x + 1) c? ha)}

where ¢ is the curvature, h is the height of a ray from the optical axis, x is the conic constant, and
(d, e, f) are the aspherical coefficients. However, it was reported in Ref. 7 that a general aspherical
microscope described by the surface equation (1) could only achieve performance similar to that of
a conic system, which means that Eq. (1) does not adequately represent the surfaces of a Head
microscope. One of the design equations of the Head microscope is the Constant Optical Path
Length Condition, which means that for an on—axis point source the Head microscope should
produce a spherical wave incident upon the image plane for all NA. Thus, the Head microscope
should achieve diffraction limited performance for on—axis objects.

In order to overcome the inability of Eq. (1) to accurately describe the optical performance of
the Head microscope, multiple sets of cubic spline functions have been used to fit the sag and slope
of each Head microscope mirror. Then, a ray tracing program was developed for systems described
in terms of multiple cubic spline functions. The optical performance of these systems has been
analyzed by using the GENII OTF program.? Results of this study show that the optical
performance of a Head microscope is near diffraction limited for large NA’s and is significantly
better than conics.
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Fig. 1. Generalized two—mirror microscope configuration.
2. RESULTS

The spherical Schwarzschild microscope mirror parameters are given in Table 1 of Ref. 6 for
magnifications varying from 2x to 50x. These Schwarzschild microscope parameters are based on
the assumption that the radius of curvature of the secondary mirror is 10 cm. The Head microscope
surface shapes can be evaluated from Eqs. (3—4) in Ref. 7. Previously, a 20x reflecting microscope
has been studieds-? for operation with 100 radiation. The secondary mirror in this 20x
microscope has a radius of curvature of 8 cm. Fabrication of this 20x spherical Schwarzschild



microscope is in progress, and experimental results are expected this year for operation with 130 A
radiation.

In this paper, modeling results of the optical performance of spherical, conic, and Head 40x
reflecting microscopes with a secondary radius of curvature of 5 cm will be presented. The 40x
systems have been configured to operate within the water window at 40 A .10 For a practical soft
x—ray microscope, it is planned to use film as the detector which has a capability to record features
with a spatial resolution in the imaﬁe plane of 2,000 Ip/mm. It is also possible to use photoresist Xs
a detector in the image plane with a capability of resolving image features as small as 100 A.
However, photoresist requires a high contrast corresponding to a MTF of 40-50% to record an
image. To obtain a measure of the object plane resolution, one typically divides the ima%e plane
resolution (defined in terms of the system achieving a specified MTF) by the system magnification.
For microscope applications, it is convenient to use the object space numerical aperture, NA
(=sind), instead of the image space numerical aperture, NA, (=sinu). However, from the Abbe

Sine Condition

NA =MNA, . (2)

Equation (2) can be used to convert the numerical aperture from object to image space. In the
following results, the object space NA is used as the independent variable.

Figure 2 presents the object resolution versus the NA for spherical, conic, and the Head
microscopes for an on—axis object point. As previously noted for on—axis objects,” the spherical
Schwarzschild microscope achieves diffraction limited performance for NA < 0.15, and the conic
microscope is diffraction limited for NA < 0.22. However, the Head microscope is diffraction
limited for all NA when the object point is on—axis.

Using the diffraction limited resolution formula, which is based on the Rayleigh criterion for
resolution,

Res=_ 2 (3)

INA

one can calculate the diffraction limited, resolution of a spherical microscope to be 133 A and of a
conic microscope to be 91 A when 40 A radiation is used. For a Head microscope, a diffraction
limited resolution of 67 A with NA = 0.3 and 50 A with NA = 0.4 can be achieved when using 40 A
radiation. It is interesting to note that Fig. 2 is consistent with these diffraction limited
~ calculations.

Figure 3 presents the object resolution versus NA for the 40x Head microscope using 40 A
radiation when the source is displaced from the optical axis by the distance OH = 10, 20, 35, and 50
microns. These results show that a Head microscope will yield diffraction limited performance for
objects with a diameter of 40 microns and a NA almost equal to 0.4. It is interesting to contrast
the off—axis performance of a Head microscope to that of a conic microscope shown in Fig. 4. A
conic microscope will yield near diffraction limited performance for objects with a diameter of 100
microns for a NA = 0.22. Figure 5 displays a plot of the deviation of the Head microscope surfaces
from the best fit spherical surface versus the aperture radius. The NA varies from 0.08 for an
aperture radius of 1-5 c¢m to 0.40 for an aperture radius of 7.5 cm. It is important to note that the
aspherical surfaces of a Head microscope differs by less than 2 microns for all systems considered.
Thus, only moderate aspherical surfaces are required to make a 40x Head microscope.
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Fig. 2. Comparison of object plane resolution between spherical, conic, and Head microscopes as a
function of the primary mirror NA.
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For practical considerations, it is important to examine the depth of focus for the high NA
and large M microscopes that have been analyzed. From diffraction theory, the depth of focus,
DoF, is given by ' |

DoF = 2 : (4)

(NA i m-)_—2
Combining Eqs. (2) and (4) gives the following expression for the DoF

DoF = A M? (5)

TINAY T

where NA is the object space numerical aperture. Figure 6 presents a plot of the image plane depth
of focus versus NA for different M with 100 A radiations. From Eq. (5), it follows that the DoF
varies linearly with A. Thus, the DoF values given in Fig. 5 can be scaled linearly to the desired
wavelength. For example, the depth of focus of a 40x microscope with a NA of 0.3 will be 160
microns for operations at 100 A and 64 microns for operations at 40 A

3. CONCLUSIONS

This study has shown that a conic reflecting microscope with NA < 0.22 will yield near
diffraction limited performance for objects with a diameter of 100 microns. The Head reflecting
microscope with NA ¢ 0.4 will yield near diffraction limited performance for objects with a diameter
of 40 microns when operating with 40 A radiation and should be able to resolve object features
about 50 A in size. Plans are being formulated to fabricate a water window conic microscope and a
Head microscope that should be able to resolve cell features smaller than 100 X These microscopes
would make a significant contribution to the field of x—ray microscopy of cell biology. !t
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